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Significance

We identified an AR 
ubiquitination site undergoing 
TRAF4-mediated nonclassical 
K27-linked ubiquitination under 
castration conditions. This 
ubiquitination enhances the 
interaction between AR and the 
pioneer factor FOXA1 and 
triggers a switch of AR genomic 
binding and AR-regulated 
transcriptome. Ubiquitinated AR 
subsequently hyperactivates E2F 
to promote CRPC. Our studies lay 
the foundation for identifying an 
appropriate CRPC patient 
population sensitive to CDK4/6 
inhibitor treatment.
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Castration-resistant prostate cancer (CRPC) poses a major clinical challenge with the 
androgen receptor (AR) remaining to be a critical oncogenic player. Several lines of 
evidence indicate that AR induces a distinct transcriptional program after androgen 
deprivation in CRPCs. However, the mechanism triggering AR binding to a dis-
tinct set of genomic loci in CRPC and how it promotes CRPC development remain 
unclear. We demonstrate here that atypical ubiquitination of AR mediated by an E3 
ubiquitin ligase TRAF4 plays an important role in this process. TRAF4 is highly 
expressed in CRPCs and promotes CRPC development. It mediates K27-linked ubiq-
uitination at the C-terminal tail of AR and increases its association with the pioneer 
factor FOXA1. Consequently, AR binds to a distinct set of genomic loci enriched with 
FOXA1- and HOXB13-binding motifs to drive different transcriptional programs 
including an olfactory transduction pathway. Through the surprising upregulation 
of olfactory receptor gene transcription, TRAF4 increases intracellular cAMP levels 
and boosts E2F transcription factor activity to promote cell proliferation under 
androgen deprivation conditions. Altogether, these findings reveal a posttranslational 
mechanism driving AR-regulated transcriptional reprogramming to provide survival 
advantages for prostate cancer cells under castration conditions.

androgen receptor | ubiquitination | CRPC | TRAF4 | E2F

Prostate cancer (PCa) is the most commonly diagnosed malignancy and the second leading 
cause of cancer death among men in the United States (1). Androgen regulates normal 
and malignant prostate tissue growth via activation of androgen receptor (AR) signaling 
and plays an essential role in the initiation and progression of PCa. Androgen deprivation 
therapy (ADT) is the first-line treatment for locally advanced or metastatic PCa. Despite 
initial responses to ADT, nearly all patients eventually develop castration-resistant prostate 
cancer (CRPC) within a few years. It is now well recognized that CRPC continues to be 
dependent on AR signaling (2, 3). In CRPC, AR signaling is reactivated through different 
mechanisms including AR amplification or overexpression, AR point mutations, expression 
of constitutively active AR splice variants, and intratumoral androgen synthesis. Several 
lines of evidence indicate that AR regulates a distinct transcription program in CRPC to 
promote castration-resistant cancer growth (4–6). However, the underlying mechanisms 
triggering this AR-regulated transcription program switch are largely unknown.

AR belongs to a family of ligand-activated nuclear receptors. It consists of an N-terminal 
domain, which has a powerful and constitutively active activation function, a conserved 
central DNA-binding domain (DBD), an interdomain linker or hinge, and a C-terminal 
ligand-binding domain (LBD), which has a ligand-dependent activation function. Upon 
binding to androgen, AR is translocated into the nucleus and binds to specific DNA 
sequences known as androgen-responsive elements (AREs) at AR target gene promoters/
enhancers, thereby regulating transcription of androgen-responsive genes. AR transcrip-
tional activity can be regulated by posttranslational modifications such as phosphorylation, 
acetylation, sumoylation, and ubiquitination (7–9). Ubiquitination is an important post-
translational modification brought about by ubiquitin-activating enzymes (E1s), 
ubiquitin-conjugating enzymes (E2s), and ubiquitin ligases (E3s). Ubiquitin (Ub) is a 
highly conserved protein of 76 amino acids that becomes covalently attached to lysine 
residues of target proteins. Besides from proteasomal degradation, protein ubiquitination 
also can lead to various nonproteolytic cellular functions, including endocytosis, endoso-
mal sorting, subcellular localization, kinase activation, and DNA repair (10).

AR ubiquitination has been shown to regulate AR activity and contribute to CRPC 
progression (9, 11). The mechanisms identified so far are mainly through ubiquitination- 
targeted inactive AR/corepressor complex degradation (11), or noncanonical ubiquitination- 
mediated recruitment of ubiquitin-binding domain containing AR coactivator (9). However, 
only a small subset of AR-targeted gene transcription is regulated by these mechanisms  
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(9, 11). TRAF4, a RING finger domain E3 ubiquitin ligase, belongs 
to a family of TNF receptor (TNFR)-associated adaptor proteins. 
Unlike other TRAF family members, TRAF4 does not directly 
interact with TNFR. It is amplified and overexpressed in many types 
of cancers and plays an important role in promoting cancer devel-
opment and metastasis (12, 13). We previously found that TRAF4 
is highly expressed in metastatic CRPCs and promotes PCa metas-
tasis (14). The role of TRAF4 in PCa castration resistance is not 
clear. Here, we demonstrate that TRAF4 mediates nonclassical 
K27-linked AR ubiquitination at its C-terminal end. This atypical 
ubiquitination increases AR interaction with the pioneer transcrip-
tion factor FOXA1, and subsequently alters the AR genomic bind-
ing profile. Upon TRAF4 overexpression, ubiquitinated AR switches 
its transcription program and up-regulates a set of CRPC-associated 
genes to promote CRPC progression. Our study reveals an impor-
tant role of posttranslation modification in governing the 
AR-regulated gene switch in CRPCs.

Results

TRAF4 Promotes Castration-Resistant PCa Growth. We recently 
found that TRAF4 is highly expressed in metastatic PCas and 
promotes PCa metastasis (14). Most of these metastatic patients 
were treated with androgen-deprivation therapy before developing 
metastasis (15–19). We also found that the TRAF4 protein level 
is higher in androgen-insensitive Lymph Node Carcinoma of 
the Prostate (LNCaP)-Abl cells compared to androgen-sensitive 
LNCaP PCa cells (SI Appendix, Fig. S1). To understand whether 
TRAF4 overexpression plays a role in the development of PCa 
castration-resistance, we examined the growth of TRAF4 stably 
overexpressed LNCaP cells or control LNCaP cells in the absence 
or presence of androgen dihydrotestosterone (DHT). LNCaP 
cells depend on androgen for cell growth; accordingly, DHT in 
the cell culture promoted control LNCaP cell growth (Fig. 1A). 
Overexpression of TRAF4 markedly increased cell growth in the 
absence of DHT while DHT had a minimal effect on TRAF4 
overexpressing cell growth, suggesting that TRAF4 overexpression 
promotes androgen-independent cell growth. Similar results were 
also found in other AR-positive PCa cells, VCaP and 22Rv1 
cells (SI Appendix, Fig. S2A). Since TRAF4 is a RING domain 
containing E3 ubiquitin ligase, we next investigated whether 
TRAF4-promoted androgen-independent cell growth requires 
its E3 ubiquitin ligase activity. We generated an LNCaP cell line 

ectopically expressing RING domain deletion mutant of TRAF4. 
It expresses comparable levels of the mutant TRAF4 compared to 
the wild-type (WT) TRAF4-expressing stable cell line (Fig. 1 A, 
Right) (14). Unlike the WT TRAF4-expressing stable cells, the 
mutant-expressing cells remained androgen-sensitive (Fig.  1A), 
suggesting that the ubiquitin ligase activity of TRAF4 is critical 
for its ability to promote androgen-independent growth.

To substantiate the importance of TRAF4 in CRPC develop-
ment in vivo, we injected TRAF4 overexpressing or control 
LNCaP cells into nonobese diabetic/severe combined immuno-
deficiency (NOD/SCID) mice subcutaneously. A comparable 
tumor growth rate was initially observed between the two cell 
lines. When tumors reached approximately 1 cm3 in volume, mice 
were castrated. The control tumors regressed and stopped growing 
in response to castration as expected (Fig. 1B). In contrast, 
TRAF4-overexpressing tumors continued to grow, suggesting that 
TRAF4 overexpression promotes castration-resistant growth of 
prostate tumors in vivo. We also injected doxycycline-inducible 
TRAF4 knockdown 22Rv-1 cells or control cells into castrated 
NOD/SCID mice subcutaneously and found that TRAF4 knock-
down significantly reduced castration-resistant 22Rv-1 xenograft 
tumor growth (SI Appendix, Fig. S2B), confirming the role of 
TRAF4 in promoting CRPC growth.

TRAF4 Overexpression Promotes Upregulation of the E2F 
Pathway. To understand how TRAF4 promotes CRPC, we 
performed a RNA sequencing on TRAF4-overexpressing and 
control LNCaP cells under androgen deprivation culture condition 
(Dataset S1). The volcano plot of the RNA seq and heat map 
of the top 20 altered genes are shown in SI Appendix, Fig. S3A. 
Gene set enrichment analysis revealed E2F- and myelocytomatosis 
oncogene (Myc)-regulated gene pathways as the top pathways 
enriched in TRAF4 overexpressing androgen-independent LNCaP 
cells (Fig.  2A). These pathways have been linked to CRPC  
(5, 14, 20–23), and have cross talks between them. Myc is known 
to modulate the cell cycle regulator E2F activity and its expression 
(24, 25). E2F also regulates the expression of Myc (26–28). E2F 
pathway activation has been found in multiple CRPC models and 
human CRPCs (20, 21, 29–31). In our RNA-Seq analysis, around 
100 E2F target genes were up-regulated in TRAF4-overexpressing 
CRPC cells. We next performed qRT-PCR to validate the RNA-
Seq results. As shown in SI Appendix, Fig. S3B, most of the E2F 
or Myc target genes we tested that are identified in RNA seq were 

Fig. 1. TRAF4 overexpression promotes CRPC development. (A) Overexpression of TRAF4 WT but not its E3-ubiquitin ligase-defective mutant (ΔRING) promotes 
androgen-independent cell growth. Left Upper, schematic representation of WT TRAF4 and its mutant. Left Bottom, control or TRAF4-overexpressing LNCaP stable 
cell numbers in the absence or presence of 1 nM of androgen DHT at day 1 and day 6. Right, western blot analysis of TRAF4 expression levels in control, TRAF4 
wild-type or ΔRING-expressing LNCaP cells. (B) TRAF4-overexpressing LNCaP xenograft tumors are castration resistant. Upper, control or TRAF4-overexpressing 
LNCaP xenograft (subcutaneously injected) tumor growth (n = 5). Bottom, time periods for xenograft tumor studies. * represents P < 0.05.
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up-regulated in TRAF4 overexpressing cells compared to control, 
confirming that TRAF4 indeed promotes these E2F and Myc 
target gene expressions. We also performed another RNA-Seq on 
TRAF4-overexpressing LNCaP xenograft tumors and the control 
castration sensitive tumors. E2F and Myc gene pathways were 
similarly found enriched in TRAF4 overexpressing CRPC tumors 
(SI Appendix, Fig. S3C).

To test whether TRAF4 regulates E2F activity, we monitored 
an E2F-driven luciferase reporter activity in the presence of trans-
fected TRAF4. As shown in Fig. 2B, increasing concentrations of 
TRAF4 markedly increased E2F-Luc activity, suggesting that 
TRAF4 indeed enhances E2F activity.

We next examined whether inhibition of E2F activity could 
abolish TRAF4-promoted androgen-independent cell growth. 
Palbociclib is a selective cyclin-dependent kinase CDK4/6 
inhibitor. It inhibits CDK4/6-mediated Rb phosphorylation, 
thereby preventing E2F activation. As shown in Fig. 2C, 
TRAF4 overexpressing LNCaP cells grow faster in an 
androgen-deprived medium compared to control cells. 
Treatment of Palbociclib reduced TRAF4 stable cell growth to 
the level of control cells. Similar effects were also found with 
E2F1 knockdown (SI Appendix, Fig. S3D). We next examined 
the effects of Palbociclib on TRAF4-promoted E2F target gene 
expressions and found that treatment of Palbociclib completely 
abolished TRAF4-mediated gene upregulation (SI Appendix, 
Fig. S3E). These results substantiate that E2F activation is an 
important downstream effector regulating TRAF4-promoted 
androgen-independent growth.

TRAF4 Promotes AR Ubiquitination through the Nonclassical 
K27 Ubiquitin Linkage. Since TRAF4 E3 ubiquitin ligase activity 
is essential for promoting androgen-independent cell growth, we 
tried to identify TRAF4 ubiquitin substrates that are important 
for mediating this function. AR is a well-known driver in CRPC 
(32–34). We found that knockdown of AR abolished TRAF4-
enhanced E2F transcriptional activity (Fig. 3A), suggesting that 
AR mediates the effect of TRAF4 on E2F activity.

To investigate whether TRAF4 plays a key role in regulating AR 
function, we performed a co-IP experiment in 293T cells transfected 
with Flag-AR with or without HA-TRAF4 cotransfection. As shown 
in Fig. 3 B, Left, an association of Flag-AR and HA-TRAF4 was 
detected. We also detected the interaction between endogenous AR 
and endogenous TRAF4 in LNCaP and 22Rv1 cells through co-IP 
experiments using an AR-specific antibody for IP (Fig. 3 B, Middle 
and Right, respectively). A reciprocal IP using a TRAF4-specific anti-
body also detected the association of endogenous AR (SI Appendix, 
Fig. S4A). In contrast, we did not detect a direct interaction between 
E2F1 and TRAF4 in this co-IP experiment (SI Appendix, Fig. S4A). 
We next performed an in vitro ubiquitination assay to determine 
whether AR is a TRAF4-mediated ubiquitination substrate using 
purified recombinant proteins. As shown in Fig. 3C, the presence of 
TRAF4 substantially increased AR ubiquitination in vitro, suggest-
ing that AR is a TRAF4-targeted substrate. We further confirmed 
that TRAF4 WT but not the ΔRING mutant promoted AR ubiq-
uitination in cells (Fig. 3D). However, AR protein levels were not 
significantly changed in TRAF4 WT or ΔRING overexpressing cells 
(SI Appendix, Fig. S4B), suggesting that TRAF4-mediated AR 

Fig. 2. TRAF4 overexpression drives E2F pathway activation to promote CRPC. (A) Gene set enrichment analysis (GSEA) of the genes associated with TRAF4 
overexpression in LNCaP cells under androgen-deprived culture condition. Genes enriched in E2F, and MYC pathways with the normalized enrichment scores 
(NES), nominal P-value and false discovery rate (FDR) q-value are shown. The green line plots show the enrichment of genes associated with TRAF4 overexpression 
(Left). The normalized enrichment score indicates the ranking list of gene expression differences of TRAF4 overexpression from control cells. The genes associated 
with the leading edge of the enrichment score are shown in the heat map (Right). The color gradient matches the expression status of individual genes, as shown 
in the color index. (B) TRAF4 increases E2F transcriptional activity. Shown is an E2F-driven luciferase reporter assay in LNCaP cells transiently transfected with 
the luciferase reporter and a TRAF4-expressing plasmid. (C) Inhibition of E2F activation abolishes TRAF4-promoted androgen-independent growth. Control or 
TRAF4-overexpressing LNCaP cells were grown in an androgen-deprived culture medium treated with the CDK4/6 inhibitor Palbociclib (1 µM) or vehicle. The 
cell growth was monitored through the MTS assay. * represents P < 0.05.
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ubiquitination does not promote AR protein turnover. We also did 
not detect any significant changes in E2F1 protein levels in these 
cells (SI Appendix, Fig. S4B).

There are 7 lysine residues in the ubiquitin. Different ubiquitin 
lysine linkages could mediate different functions, including protein 
turnover, protein–protein interaction, and cellular trafficking. 
TRAF4 was previously reported to mediate K48- or K63-linked 
ubiquitination (35, 36). We recently also found that TRAF4 is able 
to promote protein ubiquitination through nonclassical K27 and 
K29-linkages (14, 37). To determine the type of TRAF4-mediated 
ubiquitin linkage on AR, we cotransfected Flag-AR and TRAF4, 
WT HA-ubiquitin or different ubiquitin mutants. These ubiquitin 
mutants either have all seven lysine residues mutated to arginine 
(K0), or only contain one lysine while all other six lysine residues 
were mutated to arginine residues (K6, K11, K27, K29, K33, K48, 
or K63). As shown in Fig. 3E, AR is polyubiquitinated mainly in 
the presence of WT or K27 ubiquitin, suggesting that TRAF4 medi-
ates AR ubiquitination mainly through the K27 linkage.

Identification of TRAF4-Targeted AR Ubiquitination Site. 
To identify TRAF4-targeted AR ubiquitination sites, we first 
determined the functional domain at which the ubiquitination 
sites are located. A flag-tagged full-length WT AR, an AR splicing 

variant ARV7 that lacks the LBD, or two AR truncation mutants 
(Mut 1-669 that lacks the LBD and Mut 669-920 that only 
contains the LBD) were transiently cotransfected with TRAF4 
and HA ubiquitin into cells. ARV7 or the LBD deletion mutant 
of AR (1-669) had barely detectable levels of ubiquitination 
compared to full-length or the LBD containing AR mutants 
(Fig.  4A), suggesting that TRAF4-targeted AR ubiquitination 
occurs at its LBD. An in  vitro TRAF4 pull-down experiment 
using Ni beads bound-purified recombinant 6×His taggedTRAF4 
to pull-down Flag-tagged full length or different deletion mutants 
of AR also demonstrated a direct binding between TRAF4 and 
AR LBD (SI Appendix, Fig. S5). We further narrowed down the 
ubiquitination target region and generated a series of C-terminal 
deletion mutants. We found that deletion of the last 53 amino 
acid residues at the C terminus of AR abolished TRAF4-mediated 
ubiquitination (Fig. 4B). There are four lysine residues located 
in this region. We generated each individual lysine to arginine 
mutants and found that a single K to R mutation at K913 is 
sufficient to abolish AR ubiquitination, suggesting that this residue 
is the TRAF4-targeted ubiquitination site (Fig. 4C).

To confirm that K913 is a bona fide ubiquitination target site, 
we performed a mass spectrometry to determine ubiquitination 
modification of AR protein. 6×His- ubiquitin, purified TRAF4, 
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Fig. 3. TRAF4 mediates atypical K27-linked AR polyubiquitination. (A) AR is important in mediating the activation effect of TRAF4 on E2F activity. LNCaP cells 
were treated with control or siAR, and then transiently transfected with an E2F-driven luciferase reporter and a TRAF4 expression plasmid. Shown is the 
luciferase reporter activity. (B) TRAF4 interacts with AR in cells. Left, Flag-AR was transiently transfected into 293T cells in the absence or presence of HA-TRAF4 
cotransfection. A coimmunoprecipitation (co-IP) experiment was then carried out using an HA-specific antibody. Middle and Right, endogenous AR interacts 
with endogenous TRAF4 in LNCaP and 22Rv1 cells, respectively. AR was immunoprecipitated using an AR-specific Ab or IgG control followed by western blot 
analysis. (C) TRAF4 promotes AR in vitro ubiquitination. Purified recombinant AR protein was incubated with purified UBE1, UbcH5a, HA-ubiquitin in the absence 
or presence of purified TRAF4 protein. An IP was then carried out using an AR-specific antibody followed by western blot analysis using an HA antibody to 
detect AR ubiquitination. (D) TRAF4 WT but not its RING domain deletion mutant promotes AR ubiquitination in cells. Flag-AR and HA-ubiquitin, V5-WT TRAF4, 
ΔRING mutant or vector control were transiently transfected into 293T cells followed by IP using a flag antibody. The levels of AR ubiquitination were measured 
using an HA antibody in a western blot analysis. (E) TRAF4-mediated AR ubiquitination mainly occurs through the K27-linkage. K0 represents all lysine residues 
in ubiquitin were mutated. K6 to K63 represents the ubiquitin mutant with all lysine mutations except the depicted number of lysine. Flag AR, V5-TRAF4, and 
different HA-ubiquitin (WT or mutants) were transiently transfected into 293T cells. An IP experiment was carried out using a flag antibody followed by a western 
blot analysis to detect AR ubiquitination with an HA antibody. * represents P < 0.05.
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UBE1, and UbcH5a were incubated with recombinant AR protein 
purified from baculovirus in the in vitro ubiquitination assay. His- 
ubiquitinated AR was then captured using a nickel affinity column 
followed by mass spectrometry analysis. Although this method 
cannot distinguish the AR ubiquitination that preexisted in cells 
or was modified in vitro, we did find K913 among a total of eight 
ubiquitinated lysine residues (SI Appendix, Fig. S6 and Dataset S2). 
These results substantiate that K913 is a TRAF4-targeted ubiq-
uitination site.

TRAF4 Overexpression Selectively Up-regulates CRPC-Associated 
AR Target Gene Transcription. To investigate the potential role 
of TRAF4 on AR function, we generated two TRAF4 stable 
LNCaP cells with low (T1) and high (T2) TRAF4 expression 
(SI Appendix, Fig. S7). Since TRAF4 overexpression did not alter 
the AR protein level (SI Appendix, Fig. S4B), we next examined 
whether TRAF4 regulates AR-targeted gene transcription in 
these cells in either a complete culture medium containing 
androgen, or in an androgen-deprived medium. Unexpectedly, 
we did not find any major effects of TRAF4 overexpression on 
the expression of canonical AR target genes TMPRSS2 and 
KLK3/prostate-specific antigen (PSA) (Fig.  5A). We observed 
an inhibitory effect of TRAF4 overexpression on another AR 
target gene (Serum/Glucocorticoid Regulated Kinase or SGK) 
expression (Fig. 5 A, Right). Upon androgen deprivation, TRAF4 
overexpression appears to reduce these canonical AR target gene 
expressions. It was previously reported that AR regulates a distinct 
transcriptional program in androgen-independent compared to 
androgen-dependent PCa  cells (4). Several M-phase cell cycle 
genes, such as UBE2C and CDC20 which are important for 

CRPC development, are regulated by AR selectively in androgen-
independent PCa cells. We found that UBE2C and CDC20 
were significantly up-regulated in TRAF4 overexpressing cells in 
both complete culture medium and androgen-deprived medium 
(Fig.  5B and SI  Appendix, Fig.  S8A). The levels of these gene 
transcriptions were higher in high TRAF4-expressing T2 cells 
compared to low TRAF4-expressing T1 cells, suggesting that 
TRAF4 expression levels influence the transcription of UBE2C 
and CDC20. TRAF4 overexpression also increased UBE2C and 
CDC20 levels in VCaP and 22Rv1 cells (SI Appendix, Fig. S8B), 
further confirming this notion.

To determine whether increased transcription of UBE2C and 
CDC20 was dependent on AR, we knocked-down AR or TRAF4 
in control LNCaP or T2 cells. In control cells, neither AR nor 
TRAF4 knockdown had a noticeable effect on UBE2C transcrip-
tion (Fig. 5C). This is consistent with the previous report that AR 
does not regulate UBE2C transcription in androgen-sensitive PCa 
cells (4). In TRAF4-overexpressing cells, however, upregulation 
of UBE2C transcription was abolished upon AR or TRAF4 
knockdown. A similar result also was observed for CDC20 tran-
scription (SI Appendix, Fig. S8C). In contrast to UBE2C and 
CDC20 transcription, KLK3 and TMPRSS2 transcriptions were 
not differentially regulated by siTRAF4 in control and T2 cells. 
Their transcriptions were significantly reduced upon siAR treat-
ment in both cells (SI Appendix, Fig. S9). In addition to UBE2C 
and CDC20, we found TRAF4 overexpression also similarly 
up-regulates several other AR-regulated CRPC signature genes 
(SI Appendix, Fig. S8F). These genes were identified as a set of 
core CRPC genes from a distinct transcriptional program down-
stream of the AR targets in human CRPC tissue (5). We found 
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AR knockdown similarly abolished TRAF4-mediated upregula-
tion of these genes (SI Appendix, Fig. S8F). TRAF4 expression 
levels were also significantly correlated with these gene expressions 
in prostate adenocarcinomas (SI Appendix, Fig. S8G). These results 
suggest that TRAF4 overexpression switches on AR function by 
activating a set of CRPC-associated gene transcriptions.

To further confirm that TRAF4 plays a role in regulating 
UBE2C and CDC20 transcription in CRPC cells, we knocked 
down TRAF4 in androgen-independent C4-2 cells. As shown in 
Fig. 5D and SI Appendix, Fig. S8D, siRNA-mediated TRAF4 
knockdown (siTRAF4) indeed reduced UBE2C and CDC20 
transcription. It was previously reported that AR binds to the 
UBE2C distal enhancer region in LNCaP-Abl cells but not in 
LNCaP cells (4). We found that TRAF4 depletion significantly 
reduced AR recruitment to the UBE2C enhancer but not the 
KLK3 (PSA) enhancer in Lymph Node Carcinoma of the 
Prostate-androgen ablation (LNCaP-Abl) cells (SI Appendix, 
Fig. S10 A and B, respectively). These results suggest that TRAF4 
plays a role in regulating AR genomic binding to CRPC-associated 
gene enhancers. Accordingly, TRAF4 depletion markedly 
decreased the growth of CRPC LNCaP-Abl and C4-2 cells 
(Fig. 5E and SI Appendix, Fig. S8E, respectively).

TRAF4 Overexpression Alters AR Genomic Binding Profile. 
Since TRAF4 promotes the ability of AR to turn on genes that 
are normally not regulated by AR in androgen-sensitive PCa 
cells, it is likely that TRAF4 overexpression alters AR genomic 
binding profile. To examine this, we performed an AR chromatin 
immunoprecipitation sequencing (ChIP-Seq) analysis in control 

and TRAF4-overexpressing LNCaP cells under androgen-deprived 
condition. The AR-binding peaks in the two cell lines clearly did 
not completely overlap (Fig. 6A). TRAF4 overexpression caused a 
loss of about 50 to 60% AR-binding peaks and a gain of 40 to 50% 
new AR genomic binding sites. We analyzed the top gained AR-
binding peaks upon TRAF4 overexpression (log2 TRAF4/vector 
>1) and found that the majority of them are located 5 to 500 kb 
away from transcriptional start sites (SI  Appendix, Fig.  S11A), 
suggesting that these binding sites are not resident in proximal 
promoter regions but are instead likely located at enhancer regions. 
The top transcription factor-binding motifs among these sites 
are not the classical AR-binding motifs (ARE) but the motifs 
associated with transcription factors from Forkhead domain family 
and homeodomain family (Fig. 6B). FOXA1 and HOXB13 are 
known pioneer factors that colocalize with AR and facilitate AR 
cistrome reprogramming in prostate tumors (38–40). Although 
shared AR-binding peaks between control and TRAF4 stable cells 
contain significant numbers of FOXA1-binding motifs, we noticed 
that even stronger FOXA1-binding sites were colocalized with AR-
binding sites in TRAF4 stable cells compared to the control cells 
(Fig. 6C and SI Appendix, Fig. S11B). A similar result also was 
found for the HOXB13-binding sites (SI Appendix, Fig. S11C). 
These unexpected results suggest that TRAF4 overexpression alters 
the AR genomic binding profile and increases AR binding to 
FOXA1- and HOXB13-binding sites.

FOXA1 protein previously was reported to physically interact 
with AR (41). To examine whether TRAF4 overexpression could 
regulate the interaction between endogenous AR and FOXA1, we 
performed a co-IP experiment using an AR antibody in LNCaP cells 
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Fig. 5. TRAF4 promotes upregulation of selective AR-targeted CRPC-associated genes. (A) TRAF4 overexpression does not activate AR activity on classical AR 
targets under androgen-deprived condition. T1, low TRAF4-expressing LNCaP cells. T2, high TRAF4-expressing LNCaP cells. (B) TRAF4 overexpression up-regulates 
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or UBE2C inhibits CRPC Lymph Node Carcinoma of the Prostate-androgen ablation (LNCaP-Abl) cell growth. LNCaP-Abl cell growth was measured by counting 
cell numbers at 0, 7, and 10 d after siRNA transfection. *represents P < 0.05.
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infected with GFP or TRAF4-expressing adenovirus. As shown in 
Fig. 6D, more FOXA1 was associated with AR when TRAF4 was 
overexpressed, suggesting that TRAF4 increased the AR–FOXA1 
interaction. We next determined whether TRAF4-mediated AR 
ubiquitination is important for TRAF4-promoted AR–FOXA1 
interaction. A Flag-AR WT or AR ubiquitination mutant 
(K913/911R)-expressing LNCaP stable cell line was generated. Cells 
were treated with siRNA against AR to minimize the effect of endog-
enous AR followed by GFP- or TRAF4-expressing adenovirus infec-
tion. A co-IP experiment was then performed using a flag antibody 
(Fig. 6E). TRAF4 overexpression significantly increased the associ-
ation of FOXA1 with Flag-AR WT but not the mutant, suggesting 
that AR ubiquitination is important for TRAF4-enhanced AR–
FOXA1 interaction.

TRAF4 Promotes AR Binding to Olfactory Receptors (ORs) and 
Regulates cAMP Signaling. To understand how alteration of the 
AR genomic binding profile affects androgen-independent cell 
growth, we performed KEGG pathway analysis on top gained 
AR-binding sites in TRAF4 stable cells (log2 TRAF4/vector > 
2). Interestingly, OR transduction is the most enriched pathway 
(Fig. 7A). The UCSC genome browser view of AR binding to 
OR gene chromatin locations in LNCaP control or TRAF4-
overexpressing cells is shown in SI Appendix, Fig. S12. ORs are 
the largest family of G-protein-coupled receptors, which stimulate 
intracellular cyclic adenosine monophosphate (cAMP) signaling 

upon activation (42–44). Using a lower threshold (log2 TRAF4/
vector > 1) for gene ontology analysis with the same dataset, we 
found renin secretion and cAMP signaling as the topmost enriched 
pathways (SI Appendix, Fig. S13). The cAMP signaling is also the 
central and stimulatory pathway for renin secretion (45). Both 
analyses suggest that the OR-cAMP signaling pathway gained 
the most AR binding upon TRAF4 overexpression. In addition 
to the olfactory epithelium, ORs are expressed in a number of 
nonolfactory tissues and cancerous tissues including PCa (46–51). 
Ectopic overexpression of ORs can promote PCa progression, 
metastasis, and neuroendocrine differentiation (52–55).

To determine whether TRAF4 can regulate OR expression via 
AR, we first performed a ChIP experiment to validate the binding 
of AR to the enhancer/promoter region of several OR genes in 
control or TRAF4-overexpressing LNCaP cells. Strong AR bind-
ing to these OR gene enhancer/promoter regions was observed 
in TRAF4-overexpressing cells but not in control cells (Fig. 7B), 
confirming that TRAF4 overexpression indeed increased AR 
binding to these regions. In contrast, AR binding to KLK3 (PSA) 
enhancer was not significantly changed in control or TRAF4 
overexpressing cells (SI Appendix, Fig. S14A). Similar results were 
also found in VCaP and 22Rv1 cells (SI Appendix, Fig. S14B). 
To ascertain whether TRAF4-mediated AR ubiquitination is 
required for AR binding to the enhancer/promoter region of OR 
genes, we performed a ChIP experiment in LNCaP-TRAF4 stable 
cells with knockdown of endogenous AR followed by 

Fig. 6. TRAF4 overexpression alters AR genomic binding profile and increases its interaction with FOXA1. (A) Venn diagram and distribution of AR genomic 
binding peaks in TRAF4-overexpressing cells or control LNCaP cells. Cells were cultured in an androgen-deprived medium for 2 d followed by ChIP using an AR 
antibody. ChIP seq analysis was then performed. (B) Top gained AR-binding peaks in TRAF4-overexpressing cells are enriched with forkhead domain family and 
homeodomain family-binding motifs. Left panel, the heatmap of AR-binding intensity in TRAF4-overexpressing and control cells. Right panel, top enriched forkhead 
domain family and homeodomain family transcription factor-binding motifs. (C) AR gained more binding at the FOXA1-binding sites in TRAF4-overexpressing 
cells compared to vector control cells (blue peak vs. green peak). The red peak represents shared AR-binding sites between TRAF4- and vector-expressing cells. 
(D) TRAF4 overexpression enhances the association between AR and FOXA1. LNCaP cells were infected with adenovirus expressing TRAF4 or GFP control. A co-
IP experiment was then carried out using an AR antibody followed by a western blot analysis using a FOXA1 antibody to detect AR-associated FOXA1. (E) AR 
ubiquitination mutation abolished the TRAF4-promoted AR-FOXA1 interaction. Shown is a co-IP experiment in flag-AR WT or ubiquitination mutant (K913/911R)-
expressing cells. Cells were treated with siAR to reduce the levels of endogenous AR.
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overexpression of either WT or K913R-mutated AR. We observed 
strong binding of WT but not K913R-mutated AR to OR gene 
enhancer/promoter regions in LNCaP-TRAF4 cells (Fig. 7C). In 
contrast, K913R mutation did not affect AR binding to the KLK3 
(PSA) enhancer/promoter region (SI Appendix, Fig S14C). 
Collectively, these data indicate that TRAF4-mediated AR ubiq-
uitination is critical for AR binding to the enhancer/promoter 
regions of OR genes.

We next examined whether the transcriptions of these OR genes 
are indeed altered upon TRAF4 overexpression. Significantly higher 

expression levels of these genes were found in TRAF4-overexpressing 
LNCaP, VCaP, and 22Rv1 cells compared to the control cells 
(Fig. 7D and SI Appendix, Fig. S14B). Importantly, knockdown of 
AR reduced OR gene expression levels in TRAF4 cells (Fig. 7E). 
These results suggest that the TRAF4-promoted AR binding to OR 
gene enhancer regions up-regulates their transcriptions. We also 
found that knockdown of FOXA1 significantly reduced AR bind-
ing to these OR gene enhancers in TRAF4-overexpressing cells 
(SI Appendix, Fig S15), suggesting an important role of FOXA1 in 
directing AR binding to these regions.
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Fig. 7. TRAF4 promotes AR binding to OR enhancers, up-regulates OR gene expression and intracellular cAMP levels. (A) Olfactory transduction is the top enriched 
pathway in AR-gained genomic binding loci upon TRAF4 overexpression. Shown is the KEGG pathway analysis in top AR-gained peaks (log2 TRAF4/vector > 2). 
(B) TRAF4 promotes AR binding to several OR gene enhancers. ChIP experiments were performed in TRAF4-overexpressing LNCaP cells or control cells using an 
AR antibody or IgG control to independently validate ChIP seq results. (C) The AR ubiquitination mutation inhibits AR binding to OR gene enhancers. Left, a ChIP 
experiment in LNCaP-TRAF4 stable cells with knockdown of endogenous AR followed by overexpression of either WT AR or AR ubiquitination mutant K913R. 
Right, expression levels of AR and TRAF4 in LNCaP cells expressing AR WT or K913R. *P < 0.05 by 2-way ANOVA with Tukey’s multiple comparisons test. Data 
are presented as mean ± SEM. (D) TRAF4 overexpression up-regulates several OR gene expression. Shown are the mRNA levels of ORs through real-time qPCR 
analysis in control or TRAF4-overexpressing cells. (E) AR depletion reduced OR gene expression in TRAF4 stable LNCaP cells. LNCaP-TRAF4 cells were treated 
with control siRNA or siAR. The levels of OR gene expression were detected by qRT-PCR. (F) TRAF4 overexpression significantly increases intracellular cAMP 
levels. Shown is the cAMP level in LNCaP control and TRAF4 stable cells with and without OR agonist β-ionone treatment. (G) OR activation enhances E2F activity 
in TRAF4 overexpressing cells. Shown are E2F-driven luciferase reporter activities in LNCaP control and TRAF4 stable cells with and without β-ionone treatment. 
(H) Inhibition of protein kinase A (PKA) significantly reduced TRAF4-promoted androgen-independent growth. The growth of LNCaP cells with or without TRAF4 
overexpression under androgen-deprivation condition was monitored in the absence or presence of a PKA inhibitor H89 (10 µM). *P < 0.05 by 1-way ANOVA 
with Tukey’s multiple comparisons test. Data are presented as mean ± SEM, (n = 3).
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To investigate the functional impact of OR gene upregu-
lation, we examined the levels of intracellular cAMP in con-
trol or TRAF4-overexpressing LNCaPcells with or without 
OR agonist β-ionone stimulation. β-ionone treatment did 
not have a significant impact on cAMP levels in control cells, 
likely due to the low expression levels of ORs in LNCaP cells. 
In contrast, it dramatically increased the cAMP levels in 
TRAF4 stable cells (Fig. 7F). These results confirm that 
TRAF4 overexpression up-regulates OR gene expression and 
imply a role of TRAF4 in regulating intracellular cAMP 
signaling.

OR Activation Regulates E2F Transcriptional Activity and 
Androgen-Independent Growth. Since we found that the E2F 
pathway is important for TRAF4-promoted androgen-independent 
cell growth (Fig.  2C) and it is AR-dependent (Fig.  3A), we 
next determined whether upregulation of OR signaling upon 
TRAF4 overexpression can regulate E2F activation. To this end, 
we examined the effects of β-ionone treatment-induced cAMP 
signaling on E2F transcriptional activity in control and TRAF4 
stable LNCaP cells. As shown in Fig.  7G, β-ionone treatment 
caused a modest increase of E2F-driven luciferase reporter 
activity in control cells but it markedly increased E2F activity in 
TRAF4 stable cells, consistent with the levels of cAMP observed 
upon β-ionone treatment in these cells (Fig. 7F). These results 
suggest that OR activation enhances E2F activity when TRAF4 
is overexpressed.

Since K913R mutation reduced AR binding to OR gene enhanc-
ers (Fig. 7C), we next examined whether TRAF4-mediated AR 
ubiquitination is important for regulating E2F activity. 
TRAF4-overexpressing LNCaP cells were infected with 
doxycycline-inducible AR WT or K913R-expressing lentivirus to 
generate stable cell lines. The cells were also treated with control 
siRNA (sictrl) or siAR to knockdown endogenous AR. Western blot 
analysis demonstrated comparable expression levels of AR WT and 
K913R in rescuing the AR levels in the cells (SI Appendix, Fig. S16A). 

We first examined the E2F activity through the E2F-luciferase 
reporter assay. As shown in SI Appendix, Fig. S16B, AR knockdown 
decreased E2F activity while overexpression of AR WT but not 
K913R rescued this effect. Similar effects were also found for the 
expression levels of many TRAF4-up-regulated target genes, includ-
ing UBE2C and CDC20, as shown in SI Appendix, Fig. S16C. 
Furthermore, we examined the effect of AR ubiquitination mutation 
on TRAF4-promoted androgen-independent cell growth and found 
that this K913R mutation also failed to restore androgen-independent 
cell growth after AR knockdown in contrast to AR WT (SI Appendix, 
Fig. S16D). These results further substantiate the importance of 
TRAF4-mediated AR ubiquitination in promoting E2F activity 
and androgen-independent PCa cell growth.

We next determined whether inhibition of the 
OR-cAMP-protein kinase A (PKA) signaling pathway could 
affect TRAF4-promoted androgen-independent growth. To this 
end, we compared the growth of control and TRAF4-overexpressing 
LNCaP cells in the absence or presence of a PKA inhibitor H89 
under androgen-deprivation conditions (Fig. 7H). As expected, 
we observed increased androgen-independent cell growth in 
TRAF4 stable cells as compared to control cells in the vehicle 
control-treated groups. H89 treatment significantly decreased 
the cell proliferation in TRAF4 stable cells while it only had a 
modest effect on control cells. These results substantiate that 
TRAF4-mediated AR ubiquitination can promote 
androgen-independent cell growth through the OR-cAMP-PKA 
signaling pathway.

Altogether, we demonstrate that under an androgen deprivation 
condition overexpression of TRAF4 in PCa promotes K27-linked 
AR ubiquitination at its C-terminal tail, which increases its inter-
action with FOXA1 and triggers ubiquitinated AR binding to a 
distinct set of genomic loci to induce a different transcriptional 
program, including ORs and other CRPC-associated (such as 
mitotic genes UBE2C and CDC20). Upregulation of OR gene 
expression then increases intracellular cAMP levels and subse-
quently activates the E2F transcription factor. Ultimately, these 
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pathway activations facilitate cell growth in the absence of andro-
gen, leading to CRPC (Fig. 8).

Discussion

AR remains active and alters its transcriptional program in CRPCs 
(2–6). Understanding the events triggering the switch of 
AR-regulated transcriptional profile under castration conditions 
is critical for more effectively treating CRPCs. Here we demon-
strate that TRAF4-mediated atypical AR ubiquitination plays an 
important role in switching the AR genomic binding profiles and 
promoting CRPC development.

TRAF4 is frequently overexpressed in advanced PCas (14). We 
demonstrate that its overexpression converts androgen-sensitive 
PCa cells into castration-resistant cells both in vitro and in vivo 
(Fig. 1). Importantly, the E3 ubiquitin ligase activity of TRAF4 is 
required for this function. Ubiquitination is a reversible posttrans-
lational modification. Different ubiquitin linkages (K6, K11, K27, 
K29, K33, K48, and K63) formed at target proteins could produce 
distinct structural conformations and serve as an ubiquitin code 
for interacting with different readers, leading to different outcomes 
of ubiquitinated proteins (56). We report here that TRAF4 pro-
motes AR ubiquitination primarily through an atypical 
K27-linkage. Unlike K11 and K48-linked ubiquitination, which 
mainly function as protein degradation signals (57), K27 linkage 
frequently has been associated with protein recruitment (58–60) 
where the ubiquitin chain serves as an interaction platform to allow 
protein binding. We found that TRAF4-mediated AR ubiquitina-
tion occurs at the C-terminal tail. The C-terminal end of AR plays 
a role in the ligand-binding function and the consequent transcrip-
tional activity (61). We found that ubiquitination at this end does 
not promote AR turnover. Instead, it dramatically increases the 
association of AR with pioneer factor FOXA1. FOXA1 physically 
interacts with the DBD/hinge region of AR (41). It is possible that 
the ubiquitin chain at the C-terminal end serves as a scaffold to 
stabilize the interaction between AR and FOXA1.

FOXA1 reprograms AR cistrome in prostate tumors (38). It is 
highly expressed (62–65) and frequently mutated in metastatic 
CRPCs (62). Recent comprehensive mutation analyses of FOXA1 
suggest that these are activating mutations and establish FOXA1 
as a principle oncogene in AR-driven PCas (62, 66). Elevated 
FOXA1 levels have been shown to expand AR binding to the 
regions that normally are not occupied by AR to promote PCa 
cell proliferation under an androgen-depleted state (65). It appears 
to be essential for AR to switch its transcriptional program in 
androgen-independent LNCaP-Abl cells to regulate 
CRPC-associated genes, such as UBE2C and CDC20, which are 
not regulated by AR in androgen-sensitive LNCaP cells (4). Our 
finding that TRAF4-mediated AR ubiquitination increases its 
interaction with FOXA1 could be another layer of posttransla-
tional modification to alter the AR-regulated transcriptional pro-
grams and promote CRPC, especially in a TRAF4 overexpressed 
condition. With increased affinity, it is likely that FOXA1 directs 
ubiquitinated AR binding to a number of new genomic loci, there-
fore up-regulating pathways beneficiary for cell proliferation under 
androgen-deprived conditions.

Our pathway analysis of top genomic binding sites occupied by 
AR upon TRAF4 overexpression surprisingly reveals a role for the 
olfactory transduction and its downstream cAMP signaling pathway 
as the most-enriched pathway bound by AR. ORs are expressed in 
a number of human tissues outside of nasal epithelium. 
Overexpression of ORs has been linked to tumor growth, invasion, 
metastasis, inflammation, and apoptosis. We found that TRAF4 
promotes AR binding to a set of OR gene enhancers and up-regulates 

their expression levels in PCa cells, including OR51E1 and OR51E2, 
which are previously known as prostate-specific G-protein-coupled 
receptors and biomarkers of PCa progression (46, 47, 54, 67). 
OR51E2 was also found to promote neuroendocrine transdifferen-
tiation of PCa cells (55). OR activation agents are not limited to 
odor molecules. A recent metabolite screen of OR51E2 agonists 
identified 19-hydroxyandrostenedione, a product of the aromatase 
reaction, together with several other metabolites as endogenous lig-
ands (55). Thus, upregulation of these OR genes by TRAF4 and 
ubiquitinated AR likely results in amplified OR signaling activated 
by these endogenous ligands. Consistently, we found that TRAF4 
overexpressing cells have higher levels of intracellular cAMP and are 
highly responsive to OR agonist stimulation in contrast to control 
cells. The finding that cAMP effector PKA inhibitor treatment abol-
ishes TRAF4-promoted androgen-independent growth further sub-
stantiates the important role of OR signaling in this process.

The cAMP pathway may stimulate or inhibit cell proliferation 
depending on the cell types (68, 69). cAMP can promote PCa cell 
proliferation and differentiation (70–73). Low concentration of 
cAMP stimulates cell growth while high concentration of cAMP 
promotes cell differentiation (69). We found that potent cAMP stim-
ulator, forskolin treatment in LNCaP cells inhibits E2F activity. 
However, OR agonist treatment stimulates E2F activity in TRAF4 
overexpressing cells (Fig. 7G). The potential mechanism may be 
involved in cAMP-mediated extracellular signal-regulated kinase 
(ERK) stimulation (69) and subsequent ERK-activated cyclin D1 
upregulation as well as cyclin D1-CDK4/6 complex assembly fol-
lowed by Rb phosphorylation, and ultimately E2F activation (74). 
This implies that upregulation of cAMP signaling at the receptor 
expression level through ubiquitinated AR could mildly enhance the 
cAMP level to promote PCa cell survival and growth under androgen 
deprivation conditions. In line with this, a previous report indicates 
that low nanomolar concentrations of a neuropeptide, acting through 
its G stimulatory protein-coupled receptor and the cAMP/PKA path-
way, induced androgen-sensitive prostate cell growth in the absence 
of androgen, and this action is dependent on functional AR (75).

Although multiple mechanisms are involved in castration-resistant 
PCa, the E2F pathway has emerged as a central pathway in this 
process (5, 20, 21, 29). Disruption of RB/E2F axis also was 
observed in the transition to CRPCs (31). Consistently, a cell cycle 
proliferation gene signature predicts poor outcome of patients with 
PCa (76). Our AR ChIP seq analysis and xenograft tumor RNA-seq 
studies also emphasize the importance of E2F transcriptional activ-
ity. Inhibition of CDK4/6, the cyclin-dependent kinase inducing 
Rb phosphorylation and E2F hyperactivation, abolishes 
TRAF4-promoted androgen-independent growth. The inhibitor 
palbociclib is now in phase II clinical trial for treating metastatic 
CRPC (NCT02905318). The markers predicting patient responses 
to the drug are not yet clear. Our study here implies that CRPC 
patients with high TRAF4 expression have a hyperactivated E2F 
pathway and likely are more responsive to palbociclib treatment.

Materials and Methods

Castration Surgery and CRPC Tumor Study. All animal experiments were 
performed in accordance with the Institutional Animal Care and Use Committees 
(IACUCs) at Baylor College of Medicine. For in vivo LNCaP studies, 5-to 6-wk-old 
male SCID mice (The Jackson Laboratory, 5 mice each group) were used for experi-
mental castration-resistant PCa study. Ten million TRAF4-overexpressing or control 
LNCaP cells were injected into NOD/SCID mice subcutaneously. When tumors 
reach approximately 1 cm in diameter, mice were anesthetized using isoflour-
ane and surgically castrated using the standard surgical technique. The tumor 
growth was monitored every week through tumor volume measurement. For 
22Rv1 xenograft studies, SCID mice (6 mice each group) were castrated; the testis 
and associated tissues were surgically removed 1 wk before injection. Matrigel 
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matrix was mixed with pTRIZ-shTRAF4 or control vector stably infected 22Rv1 
cells before injection. One million 22Rv1 cells were injected subcutaneously. 
Mice began receiving 2 mg/mL Doxycycline, 10% sucrose in drinking water for 
inducible expression of shTRAF4 in the xenografts. Tumor growth was monitored 
at the indicated time after the injection.

E2F Luciferase Reporter assay. Cells were cotransfected with 500 ng pE2F-TA-
Luc plasmid, 100 ng pRL-Renilla (encoding the Renilla luciferase gene for stand-
ardization), and empty expression vector or increasing amount of TRAF4 expression 
vectors. Cells were harvested 48 h after transfection, and firefly luciferase activity 
was measured on a Synergy LX multimode reader (BioTek, USA) using a Dual 
Luciferase Reporter Assay (Promega) and according to the manufacturer’s proto-
col. Firefly luciferase experimental reporter was normalized to Renilla luciferase.

ChIP-Seq Analysis. The ChIP-Seq yielded 25 to 28 million 75 single end reads. 
Data were mapped to the human genome build hg19 using bwa v 0.7.12 (77). 
Peaks were called using MACS 2.1.0 with default settings (78). Venn diagrams of 
peaks were generated using bedtools (79). ChIP-Seq normalized signal plots were 
generated using HOMER (80). We used publicly available FOXA1 ChIP-Seq datasets, 
and HOXB13 datasets (38, 81–83). The relative intensity of each AR-binding site 
is calculated via the computeMatrix function in Galaxy Deeptool with the RPKM 
normalized bigwig files and bed files from the peak calling as inputs by calcu-
lating the area under the curve. bamCompare function in Galaxy Deeptool was 
used to compute the log2 ratio of AR-binding intensity in TARF4-overexpression 
and control conditions, and the heatmap was generated by plotHeatmap function 
accordingly. Cis-regulatory element annotation system function in Galaxy/Cistrome 
was applied to calculate the enrichment of the binding sites in the promoter, exon, 
intron, untranslated region (UTR) and other genomic regions against the mappable 
human genome using the binomial model. Motif analysis was performed with the 
SeqPos motif tool (version 0.590) embedded in Galaxy Cistrome.

GO Analysis. DAVID (Version 6.8) (84) and GREAT (Version 3.0.0) (85) were used 
to perform gene ontology analysis. Briefly, gene names were first converted to 
DAVID-recognizable IDs using Gene Accession Conversion Tool. The updated gene 
list was then subject to GO analysis using all human genes as background and 

with functional annotation chart function. KEGG_PATHWAY, were used as GO 
categories for all GO analyses.

cAMP Assay. cAMP levels were determined by the cAMP enzyme immunoassay 
kit following the manufacturer's instructions (Cayman Chemical Co., Ann Arbor, 
MI, USA, Item no. 581001). Intracellular cAMP was determined in LNCaP cells 
with and without TRAF4 overexpression using the acid extraction method. Briefly, 
cells were plated on a 6-well plate overnight and exposed to different concen-
trations of b-ionone for 15 min. After treatment, the medium was removed 
and 300 μL 0.1 M HCl was added. These plates were then incubated at room 
temperature for 20 min. Cells were directly scraped off, transferred into a fresh 
tube, and centrifuged. Fifty microliters of this extract supernatant was measured 
in the cAMP enzyme-linked immunoassay (ELISA).

Statistics. Unless otherwise indicated, all results represent mean ± SEM, and sta-
tistical comparisons between different groups were performed using the 2-tailed 
Student’s t test or 1-way ANOVA with multiple comparisons corrections. For all 
statistical analyses, differences of P < 0.05 were considered statistically signifi-
cant, and experiments were repeated in triplicate at least two times. GraphPad 
Prism software version 4.0/7.0 (GraphPad Software) was used for data analysis.

Study Approval. All animal experiments were approved by the IACUCs at Baylor 
College of Medicine.

Data, Materials, and Software Availability. The RNA seq data and the ChIP 
seq data have been deposited in the GeneExpression Omnibus database (acces-
sion nos. GSE225509 (86), GSE154029 (87), and GSE154001 (88), respectively).
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